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Abstract 
Cement-based materials often display an extraordinarily pronounced hysteresis of water sorption isotherms, even at low vapor 
pressures. This hysteresis is reflected in the volume change of the solid skeleton. To explain these observations, we propose a 
simple mechanism based on strong capillary forces in slit pores. Condensed water can exert capillary forces that change the 
volume of pores which are embedded in elastic solids. A macroscopic model predicts a pronounced sorption hysteresis for soft 
materials with narrow slit-shaped pores. The proposed mechanism can also be the origin of hysteresis in more rigid materials 
such as hardened cement pastes, which have a large fraction of micropores. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of UFGNSM15. 
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1. Introduction 
Hardened cement paste is a porous material that adsorbs water from the atmosphere, even at low and moderate 
humidity. The pore width d ranges from one or two nanometers to very large pore sizes exceeding a few 
micrometers. Water adsorption in micropores (d < 2 nm) and mesopores (2 nm < d < 50 nm) can be accompanied 
with a large capillary compression force, which gives rise to shrinkage of porous materials. Capillary forces are very 
strong when condensed water forms menisci in small pores. Sorption isotherms of solids with mesopores usually 
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display a pronounced hysteresis. The amount of adsorbed water is larger when the humidity is decreased (desorption 
branch) than in the opposite case, if the humidity is increased (adsorption branch). Many experimental investigations 
on various porous solids, Gelb et al. (1999) suggest that pronounced hysteresis loops only occur at relative humidity 
above about 0.40. However, cement pastes behave exceptionally. In many cases a strong sorption hysteresis is 
observed even at rather low relative humidity. Fig. 1 shows the pore width distributions and the corresponding 
water-sorption isotherms of two hardened cement pastes consisting of the same material (Portland cement, CEM-I). 
The cement paste with a large fraction of micropores and small mesopores (Fig. 1a) has a pronounced sorption 
hysteresis. Hysteresis appears even at humidity lower than 0.4. The right column (Fig. 1b) refers to a cement paste 
with a low fraction of small pores. In this case, sorption hysteresis is weak and disappears at low humidity. This 
hysteresis is also reflected in the values of the volume change of the solid skeleton, Ippei et al. (2015). 
 
  
  
a b 
Fig. 1. Pore size distributions obtained from mercury intrusion porosimetry (upper diagrams) and corresponding water sorption isotherms (lower 
diagrams) of Portland cement pastes (CEM-I). The material with a large amount of micropores and small mesopores (a) displays a strong sorption 
hysteresis in contrast to an 8h autoclave-hardened material (b) with a low fraction of small pores. 
Capillary forces are rather strong and should be capable to shift pore walls in soft porous solids. Slit pores are 
prone to deform under tension, when a capillary compression force is exerted to the planar pore walls. In this paper, 
we consider a mechanism for sorption hysteresis based on the deformation of the solid skeleton of soft solids with 
slit pores. The theoretical approach can be extended to describe more rigid solids such as hardened cement pastes. 
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2. Macroscopic Model 
Figure 2 illustrates models for slit pores with cross sectional area A and width H embedded in an elastic solid. The 
two-dimensional model in the left part of Fig. 2 requires advanced mathematical methods for solving the equations 
of the elasticity theory. We analyze a simplified analytically solvable model (Fig. 2b), which is basically one-
dimensional, but it can already explain the mechanism of hysteresis. In both cases, the slit must be connected with a 
larger pore somewhere, so that a liquid/vapor interface (meniscus) can be formed. The width H of the slit would be 
approximately constant, if the elastic moduli of the solid were high. Let us first consider such a pore, which has a 
constant widthܪ଴. 
 
Fig. 2. (a) Model of a slit pore embedded in a soft elastic solid; (b) Simplified analytically solvable version of the model. 
At thermodynamic equilibrium the chemical potential μ of the condensate inside a slit pore is fixed by the 
ambient vapor in the environment outside the pore. The chemical potential can be obtained from the relative 
humidity ݉ ൌ ݌௩ ݌଴Τ  (݌௩ - water vapor pressure outside the pore, ݌଴ - vapor pressure at the condensation point) by 
using the relationߤ ൌ ݇ܶ ݉, where k is the Boltzmann constant and T the absolute temperature. The grand 
canonical potential Ω for the pore filled with a condensate of N water molecules is  ߗ ൌ ʹߛ௦௟ܣ െ ߤܰ, where ߛ௦௟ is 
the interface energy of the solid-liquid interface, Barrat et al. (2003). Introducing the number density ߩ௟ of liquid 
water, we have ܰ ൌ ܣܪ଴ߩ௟  and the grand canonical potential per unit area for the filled pore may be written as 
ߗ௙௜௟௟௘ௗ ܣΤ ൌ ʹߛ௦௟ െ ݌௟ܪ଴, where ݌௟ ൌ ߩ௟݇ܶ ݉ is the tension that the condensate exerts on the pore walls, Barrat 
et al. (2003). If the pore contains not any condensate and the number of water vapor molecules in the pore volume is 
neglected, the grand canonical potential per unit area is ߗ௘௠௣௧௬ ܣΤ ൌ ʹߛ௦௩ (ߛ௦௩ - interface energy of the solid-vapor 
interface). Then, the equation for thermodynamic equilibrium ߗ௘௠௣௧௬ ܣΤ ൌ ߗ௙௜௟௟௘ௗ ܣΤ   and the Young equation 
ߛ௦௩ െ ߛ௦௟ ൌ ߛ௟௩  ߠ (ߛ௟௩ - surface tension of the liquid-vapor interface) provide us with the threshold humidity for 
the capillary condensation  ݉଴ ൌ ሾെʹߛ௟௩  ߠ ܪ଴ߩ௟݇ܶΤ ሿ. Thus, according to the macroscopic theory, the pore 
contains no condensate if ݉ ൏ ݉଴ and is completely filled with condensate if  ݉ ൐ ݉଴. The predictions on capillary 
condensation should be modified if slit pores change their width in soft solids. The condensate in the slit exerts a 
humidity-dependent pressure on pore walls. In mechanical equilibrium, this capillary pressure is equal to the tension 
of the elastic material. Let  ൌ ൫ݑ௫ǡ ݑ௬ǡ ݑ௭൯ be the shift of a point in the solid material from its position for the case 
of vanishing capillary force, when the pore is empty. According to the elasticity theory, a homogeneous compression 
along the direction of the z-axis (parallel to the wall normal) is accompanied with the elastic energy density  ܧݑ௭௭ଶ ʹΤ , 
where ݑ௭௭ ൌ ߲ݑ௭ ߲ݖΤ , and E is the Young modulus, Landau and Lifschitz (1989). Considering a homogeneous 
deformation that results from a height change ߂ܮ ൌ ܪ െ ܪ଴ of a right prism with basis area A and height L, the 
equation ݑ௭௭ ൌ ȟܮ ܮΤ  holds. Hence, the total elastic energy of the homogeneously deformed prism is 
ܧܣሺܪ െ ܪ଴ሻଶ ʹܮΤ . The grand canonical potentials per unit pore area for pores with condensate (filled), without 
condensate (empty pores) and closed pores are : 
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ߗ௙௜௟௟௘ௗሺܪሻ
ܣ ൌ ʹߛ௦௟ െ ݌௟ܪ ൅
ܧሺܪ െ ܪ଴ሻଶ
ʹܮ  
                                                                (1) 
ߗ௘௠௣௧௬
ܣ ൌ ʹߛ௦௩ሺܪ ൌ ܪ଴ሻ 
                                                               (2) 
ߗ௖௟௢௦௘ௗ
ܣ ൌ
ܧܪ଴ଶ
ʹܮ  ሺܪ ൌ Ͳሻ 
                                                              (3) 
It is useful to introduce the reduced wall tension  ȫ ൌ ߩ௟݇ܶܪ଴ ʹߛ௟௩Τ  ߠ, or 
 
ߎ ൌ ߷௟݇ܶܪ଴ʹߛ௟ఔ ܿ݋ݏ ߠ ݈݊݉ 
                                                            (4) 
According to the macroscopic theory, capillary condensation occurs if the equilibrium condition ߗ௙௜௟௟௘ௗሺܪሻ ൌ
ߗ௘௠௣௧௬  is satisfied. The pore width H is obtained from the condition for mechanical equilibrium  ߲ߗ௙௜௟௟௘ௗሺܪሻ ߲ܪΤ ൌ
Ͳ. These equations yield the reduced pore width ܪ ܪ଴Τ  and the critical pressure ȫ௖௔௣ at capillary condensation 
 
ܪ
ܪ଴ ൌ ͳ ൅
ߎ
ܭ and 
                                                          (5) 
ߎ௖௔௣ ൌ െܭ ቌͳ െ ඨͳ െ
ʹ
ܭቍ 
                                                         (6) 
 
where ܭ ൌ ܧܪ଴ଶ ʹܮߛ௟௩  ߠΤ  is a dimensionless parameter. Clearly, if the Young modulus E becomes very large, K 
tends to infinity and ȫ௖௔௣ approaches the value −1, which corresponds to the well-known threshold condition for 
capillary condensation in rigid slit pores, Barrat et al. (2003). If K < 2, the pore is either closed or it is filled with 
condensate because the empty pore has a larger grand canonical potential. 
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Fig. 3. Reduced pore wall distance ܪ ܪ଴Τ  and thermodynamic potential ߱ሺȫሻ (Eq.7) versus the reduced wall tension ȫ (m - relative humidity, 
ܥ ൌ ߩ௟݇ܶܪ଴ ʹߛ௟௩ ߠΤ ). 
Now let us assume that the condition ȫ ൐ ȫ௖௔௣ is satisfied. In this case, two states are possible: the pore is open 
(H > 0) and contains condensed water, or the pore is closed (H = 0). It is useful to introduce the scaled potential 
difference  ߱ሺܪሻ ൌ  ൫ȳ௙௜௟௟௘ௗሺܪሻ െ ȳ௖௟௢௦௘ௗ൯ ܣߛ௟௩  ߠΤ . Replacing H in ߱ሺܪሻ by using Eq. 5 yields 
߱ሺߎሻ ൌ ʹܩ െ ܭ ൬ߎܭ ൅ ͳ൰
ଶ
 
                                                            (7) 
where ܩ ൌ ߛ௦௟ ߛ௟௩  ߠΤ  is a positive constant for hydrophilic materials (ߠ ൏ ߨ ʹΤ ). The pore is open and filled with 
condensate if ߱ሺȫሻ ൏ Ͳ, otherwise, if  ߱ሺȫሻ ൐ Ͳ, the pore is closed. Closing and opening a pore by varying the 
relative humidity m can produce a hysteresis loop, which becomes visible when the reduced condensate volume 
ܸ ଴ܸΤ ൌ ܪ ܪ଴Τ  is plotted versus the scaled tension ȫ ן ݉. The diagrams in Fig. 3 illustrate how the reduced 
condensate volume ܸ ଴ܸΤ ሺ ଴ܸ ൌ ܣܪ଴ሻ and the thermodynamic potential ߱ሺȫሻ depends on  ȫ. We have chosen the 
parameters ܪ଴ = 1 nm, L = 10 nm, E = 1 GPa, θ = 0, ߛ௦௟ ൌ ͳͲ כ ͳͲିଷ ܰ ݉ଶΤ  and ߛ௟௩ ൌ ͹͵ כ ͳͲିଷ ܰ ݉ଶΤ  (water at 
T = 298 K). This choice leads to G = 0.14 and K = 0.60. 
At a tension ȫ௕ ൌ െܭ the width H vanishes (Eq. 5). Furthermore, ȫௗ ൌ െܭ ൅ ξʹܩܭ denotes the tension which 
obeys the equation ߱ሺȫௗሻ ൌ Ͳ. It should be mentioned that in the case ܭ ൏ ʹܩ  a closed pore cannot reopen and 
remains permanently sealed. The points in the upper diagram of Fig. 3 are defined by ܽ ൌ ሺͲǡ ͳሻǡ ܾ ൌ ሺȫ௕ǡ Ͳሻǡ ܿ ൌሺȫௗǡ Ͳሻ݀ ൌ ሺȫௗǡ ͳ ൅ ȫௗ ܭΤ ሻ. The plot of the condensate volume  ܸ ଴ܸΤ ൌ ܪ ܪ଴Τ  versus the scaled tension ȫ 
has straight lines between these points. The related points appear in the lower diagram, where ߱ሺȫሻ is plotted versus 
ȫ. A drying-wetting cycle ܽ ՜ ܾ ՜ ܿ ՜ ݀ ՜ ܽ is indicated by the arrows in Fig. 3. If the vapor is saturated (m = 1) 
the pore is open and filled with condensate (a). Reducing the relative humidity m produces a compression force  
ȫ ൏ Ͳ that leads to shrinkage of the pore along the path  ܽ ՜ ܾ. After closing the pore at point b, the solid/water 
interfaces that are accompanied with the interface energy ʹߛ௦௟ in potential  ȳ௙௜௟௟௘ௗሺܪሻ (Eq. 1) disappear, and the only 
surviving term is the elastic energy (Eq. 3). Hence, in the lower diagram of Fig. 3 the value of potential ߱ሺȫሻ jumps 
from the level of point b to zero. If m is gradually increased and ȫ approaches point c, the pore remains closed 
because the closed configuration has a lower value of potential ߱ሺȫሻ than the open one. However, at ȫ ൌ ȫௗ a jump 
ܿ ՜ ݀ decreases ߱ሺȫሻ, and the filled pore remains stable along the path݀ ՜ ܽ. Starting again from point a, the 
hysteresis cycle can be repeated. 
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3. Discussion 
Sorption hysteresis at moderate and low humidity, which is often observed in cement based materials, could be 
explained by strong capillary forces. A variation of the air humidity can change the volume of narrow slit pores that 
are filled with water. In particular, narrow slits can be completely closed. Actually, in many cases, pronounced water 
sorption hysteresis is observed in hardened cement pastes if the fraction of micropores to the total pore volume is 
high. The theoretical model presented in this paper illustrates a general mechanism that can lead to a sorption 
hysteresis loop accompanied with a related loop of the pore volume. Furthermore, the model can explain the 
observation on cement pastes that the hysteresis of the first wetting-drying cycle is more pronounced than hysteresis 
in subsequent wetting-drying cycles. After the first drying process of an initially wet paste, many narrow micropores 
could remain permanently sealed, because narrow slits do not reopen if a material parameter ܭ ן ܪ଴ଶ is lower than a 
critical value. Pores with somewhat larger values of ܪ଴ can reopen and produce a hysteresis loop in the next wetting-
drying cycle. However, our macroscopic approach grossly underestimates the strength of capillary forces in small 
slit pores. A macroscopic model can only be accurate for very soft materials with relatively broad slits, if the 
distance ܪ଴ between pore walls exceeds a few nanometers. Furthermore, a precise consideration of the elastic energy 
associated with deformed slit pores that are embedded in a solid requires the application of advanced mathematical 
methods of elasticity theory, although qualitative results of the simplified model presented here are basically correct, 
Schiller et al. (2015). In an extended version of the model, the strong capillary force in narrow slit pores of cement 
pastes should be evaluated by a microscopic theory using Monte-Carlo simulation. Results will be reported in a 
forthcoming paper. 
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